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Abstract 
 
Beyond the PG Specification for Asphalt Binders 
 
Rachel Elizabeth Hure, M.S.E. 
The University of Texas at Austin, 2017 
 
Supervisor: Amit Bhasin 
 
Classification of asphalt binder has evolved since the invention of asphalt pavement in 
1870. Starting with penetration grading, moving forward to viscosity grading, and now the 
current system of performance grading (PG). All states in the US now adhere to some form 
of the PG system. During the last decade, several new modifiers and extenders have been 
introduced to modify the grade of a straight-run binder to achieve a target PG. In some 
cases, it has been observed that although a binder may meet the current PG specification, 
it may result in significantly sub-par performance. This suggests that the current PG 
specification does not accurately capture the performance characteristics of a binder. The 
main objective of this study was to use alternative chemical and mechanical tests on a large 
set of binders to identify differences in binders with a similar PG. This study examined the 
performance of 34 asphalt binders from 12 different binder sources using standard PG tests 
following AASHTO M320, as well as tests beyond the PG specification. The tests outside 
of the PG framework included chemical tests (X-ray fluorescence and spot), as well as 
other mechanical tests (Multiple Stress and Creep Recovery to measure permanent 
deformation potential at multiple high temperatures, BBR Pro to measure tensile strength 
 vii 
at low temperatures, and poker chip test to measure tensile strength at intermediate 
temperature). For tests outside the PG specification, outlier criteria were developed based 
on the results found. Outliers were defined differently for each test and do not represent 
positive or negative outcomes in terms of expected performance. The tests outside of the 
PG specification (spot, ∆Tc, aging sensitivity, poker chip, and low temperature strength) 
all produced many outliers, some even extreme outliers for binders with a similar PG. This 
study highlights the need for additional testing beyond the PG specification to improve 
binder grading. More performance testing on mixtures is needed to establish if outlier 
behavior is beneficial or detrimental. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW
1.1 BACKGROUND ON PERFORMANCE GRADING OF ASPHALT BINDERS
Pennsylvania Avenue, Washington D.C. saw the first HotMix Asphalt (HMA) pave-
ment back in the 1870s. The mix used naturally occurring asphalt from the lake on the
Island of Trinidad. When demand exceeded supply for lake asphalts in the late 1800s,
petroleum products came onto the asphalt scene (Blow, 2016). By 1888, H.C. Bowen
invented the Bowen Penetration Machine. It was used to test the consistency of asphalt ce-
ment. Prior to Bowen’s Penetration Machine, asphalt quality was tested using the chewing
method. Asphalt road constructors actually bit into the binder (Brown et al., 2009). Amer-
ican Society for Testing Materials (ASTM) adopted the penetration test in 1903 (Blow,
2016). In 1910, the penetrometer was released, a more refined version of the Bowen Pene-
trationMachine. It tested the penetration of asphalt binders at 25 C. By 1918, the Bureau of
Public Roads, now known as the Federal Highway Administration (FHWA), introduced the
penetration grade system based on the climatic conditions of the region. American Associ-
ation of State Highway Officials (AASHO), now known as American Association of State
Highway and Transportation Officials (AASHTO), followed suit in 1931 by publishing a
standard (Blow, 2016). The latest standard method is ASTM D5. There are five penetra-
tion grades which depend on the penetration test results. ASTM D946 lays out the current
specifications followed in the United States. Other tests are also run to check conformance
in terms of the softening point, flash point, and solubility.
The benefit of the penetration grading system is that the consistency of the asphalt
binder is measured at the average service temperature. Also, the testing time is short and
low cost. In addition, the penetration system is adaptable to field applications. Unfortu-
nately, there are also many disadvantages. The shear rate is high and very variable. Ad-
ditionally, penetration at 25 C shows deceptive performance at higher and lower service
temperatures. Lastly, the test is empirical and fails to measure the asphalt consistency at
the maximum temperature, which occurs during mixing and compaction of asphalt mix-
tures (Brown et al., 2009).
In order to address the void in asphalt binder properties at the maximum temper-
ature, the viscosity grading system was developed in the 1960s. The goal was to replace
the empirical penetration test with a rational scientific viscosity test. In this way, the as-
phalt binder consistency at 60 C could be measured, better protecting against rutting. The
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viscosity grading system was the most popular in the United States prior to the current
performance-based system (also known as AC grading). ASTM D3381 details the specifi-
cations based on the viscosity at 60 C. Other tests are conducted as checks with minimum
requirements such as the viscosity at 135 C, penetration at 25 C, flash point, and solubil-
ity. Penetration at 25 C is important because it controls the asphalt consistency near the
service temperature, whereas the viscosity at 135 C controls the asphalt consistency near
the mixing and compacting temperatures (Brown et al., 2009).
The benefit of the viscosity grading system is that it measures a fundamental prop-
erty of the material, not empirical parameters. The results are independent of the test system
and sample size. Also, the system works for a wide range of environments with pavement
temperatures from 25 C to 60 C. In addition, a wide range of test instruments may be
used. Furthermore, asphalt binder consistency is measured at three different temperatures
so the temperature susceptibility can be determined. Lastly, the risk for rutting is reduced
compared to the penetration grading system since viscosity is measured at the maximum
pavement temperature experienced during service. But with any system there are always
trade-offs. First, the testing time is longer and more costly than with the penetration grade
system. Second, grading at 60 C does not represent the performance at average or lower
service temperatures, which would be at or below 25 C. Thus, the system fails to prevent
low temperature cracking since testing is not done at low temperatures (Brown et al., 2009).
The California Department of Highways (now Caltrans) worked with the Pacific
Coast User Producer Group to develop a similar viscosity grading system in the same time
frame as the other viscosity grading system (AC), except this system focused on aged as-
phalt binder. The Aged Residue (AR) viscosity grading system was motivated by mix
setting problems Caltrans was experiencing, where the viscosity was not increasing uni-
formly between asphalt binders during the mixing process. By performing grading after
the binder had undergone short-term aging using the Rolling Thin Film Oven (RTFO), the
aim was to replicate the same behavior as during construction in the field. The current stan-
dard followed in the United States is ASTM D3381, where the viscosity test is performed
on aged residue at 60 C. Like the standard viscosity grading system, a penetration test at
25 C and viscosity test at 135 C are also completed to ensure the minimum values are met
for the specified grade. The only difference is all the tests are done on aged asphalt binder;
no consistency values are gathered for original asphalt binder (Brown et al., 2009).
Some of the advantages of the AR viscosity grading system are that the asphalt
properties seen after HMA is manufactured are well represented by the aged residue prop-
2
erties in the lab. Also, reasonable uniform behavior is expected between asphalt from
different sources that fall within the same AR viscosity grade. On the down side, the grad-
ing system is highly regional and requires more equipment than the penetration or viscosity
grading systems since an aging device must be used. Third, the testing time is the longest
out of the three systems mentioned so far since all the asphalt binder must undergo aging
before any tests can be run. Fourth, because there are no tests run on original asphalt binder,
detecting contamination is near impossible (Brown et al., 2009).
Even with all the advances in the grading systems, better characterization of asphalt
binders still continued to improve in hopes of reaching a more universal system that fit all
climatic conditions. Each state and/or region had differing specifications to accommodate
the area’s conditions. By 1985, states followed either one of the three systems (penetration,
AC, AR) or a combination of the three as seen in Figure 1.1.
Figure 1.1. Each states grading system in 1985 (Brown et al., 2009).
Federal leaders saw a need for a more robust system that could accommodate many
diverse climates and asphalt binder sources. The Superpave specification is a product of the
Strategic Highway Research Program (SHRP) Asphalt Research program. The program
was launched in 1987 with a budget of $50 million over a 5-year period. By the mid-
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1990s, the PG grading system was released (Brown et al., 2009). The goal of the new
methods was to improve performance, be applicable to any area (taking into account traffic,
environment, and the structural section), and replace the various material specifications
and mixture design methods utilized across the United States. The performance grading
(PG) system is meant to represent a universal system for any region while still improving
performance. Currently, all states in the US have adopted a version of the PG system.
Nonetheless, many countries worldwide have not yet adopted the Superpave methods.
The three main test devices in the PG system are the Bending Beam Rheometer
(BBR), Dynamic Shear Rheometer (DSR), and Direct Tension test (DTT). These devices
are used to measure fundamental material properties, which are then used in a performance-
based specification framework. This allows any asphalt binder to be compared objectively
to other binders, whether they are unmodified or modified. The BBR test measures the
creep stiffness and m-value (slope of the stiffness versus temperature log-log plot) to pre-
vent low-temperature cracking. The DSR test quantifies the shear stiffness and phase angle
to calculate G
⇤
sind and G
⇤ sind to screen for susceptibility to permanent deformation and fa-
tigue cracking. Lastly, the DTT measures failure strain to avoid low-temperature cracking
(Kennedy et al., 1994). AASHTOM320 designates the PG grade based on specified criteria
for each of the tests (BBR, DSR, DTT).
Following AASHTO M320, the BBR specification limits the stiffness of an as-
phalt binder beam to a maximum of 300 MPa and the m-value to a minimum of 0.3 at
the specified low temperature. Asphalt binder undergoes long-term aging using the Pres-
sure Aging Vessel (PAV) before being tested in the BBR. The more conservative true grade
produced from these two parameters determines the asphalt binder’s PG low temperature
grade. Then, the true grade is rounded up to an increment of 6 C (ASTM 7643, 2010).
The AASHTO standard specifies DSR limits of G
⇤
sind to a minimum of 2.2 kPa at
a specified high temperature. Original and short-term aged binder (using the RTFO) are
tested in the DSR. Similar to the BBR test, the true grade is rounded by an increment of 6 C,
but rounded down to stay on the conservative side. As a fatigue cracking check, G⇤ sind
must be less than the maximum of 5,000 kPa at the specified intermediate temperature.
Finally, the DTT must produce a minimum tensile strain of 1 percent at failure. The
DTT results are compared against the BBR measured properties, but DTT is not necessary
if the stiffness of the binder is less than 300 MPa at the minimum pavement design tem-
perature (Kennedy et al., 1994). The high grade determined from the DSR test and the low
grade from the BBR test come together for the complete PG grade. Carried over from the
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viscosity grading system, the viscosity is still measured at 135 C as a check in place to
ensure a maximum of 3 Pa-s is not exceeded.
The benefit of the PG grading system lies in its universality. Previous systems per-
formed each test at just one temperature, but the PG system conducts each test at various
temperatures to account for different climates. Also, by splitting the grading into two num-
bers, both high and low temperature properties are considered during the grading process,
hopefully preventing rutting and low temperature cracking. All the previous systems tested
at the maximum and average service temperatures, but not low temperatures. In addi-
tion, all phases of the aging process are tested from the original binder to short-term aged
(RTFO) to long-term aged (PAV). In this way, from the time the asphalt binder is added to
the mix to field compaction to twenty years into the service life, testing is done to correlate
performance (Brown et al., 2009). The grading system has seen many steps forward with
the PG grading system, but improvements can always be made.
1.2 DEVELOPMENTS SINCE INTRODUCTIONOFTHEPERFORMANCEGRADE
SYSTEM
As mentioned, the PG grading system was a huge leap forward from the penetra-
tion and AR and AC viscosity grading systems. In the PG grading system, fundamental
properties of asphalt binder are tested at multiple temperatures and aging conditions to
characterize both low and high temperature properties. Testing became more involved
and expensive with the transition from penetration and/or viscosity grading to PG grading.
But every system has opportunities for improvement. Starting with the high temperature
side of the PG grading system, G
⇤
sind is currently calculated by measuring G
⇤ and d in the
DSR according to AASHTO M320. Bahia et al. (2001) found that G
⇤
sind and rutting had a
weak correlation, so another test was developed to improve the indicator for resistance to
permanent deformation called the Multiple Stress Creep and Recovery (MSCR). The G
⇤
sind
parameter is still used on original binders, but a different criterion is used for RTFO-aged
binders through the MSCR test.
Moving onto the intermediate temperature component of the PG grading system,
fatigue cracking is the largest concern. The current specification measures G⇤ and d to
calculate G⇤ sind . The Superpave method works well to characterize unmodified binders,
but not chemical or polymer modified binders. The G⇤ sind parameter assumes that dis-
sipated energy is due to incremental damage and the recoverable viscoelastic dissipation
is small. Other methods have been developed to overcome these challenges as modified
5
binders become more prevalent (Hajj and Bhasin, 2017).
Looking at the low temperature side of the PG grading system, stiffness is used to
characterize binder performance. According to the Superpave system, the binder perfor-
mance is dependent on the stiffness and m-value (Kennedy et al., 1994). Yet, the strength
of asphalt pavement determines when low-temperature cracking occurs, not the stiffness.
Strength of asphalt binders is rarely measured, resulting in inconsistencies between lab and
field performance. The asphalt binder specifications need to factor in strength, not stiffness
of asphalt binders (this is true for high, intermediate, and low temperature properties).
Along with the BBR, the Direct Tensile Test (DTT) is used for determining low
temperature properties of asphalt binders. As mentioned before, the DTT is not needed
if the stiffness of the binder is less than 300 MPa at the minimum pavement design tem-
perature (Kennedy et al., 1994). The resulting failure strain of the DTT is used to deter-
mine binder properties with no consideration of strength. Strength is merely an input in the
NCHRPMechanistic Empirical Pavement Design Guide (Falchetto et al., 2014). Normally,
the fracture properties of binders are not considered since BBR alone can characterize the
low-temperature properties (only taking into account rheological properties).
More issues arise with the current Superpave system. For the BBR test, only one
parameter ends up determining the asphalt binder’s low temperature PG grade. Normally,
the m-value determines the true grade. Marasteanu (2004) claims that thermal stresses are
controlled more by stiffness than m-value, since a lower stiffness produced a lower thermal
stress. Contrary to popular belief, when comparing the binders with similar stiffness val-
ues, Marasteanu (2004) found that a lower m-value resulted in lower thermal stress due to a
slower accumulation of stresses. Regardless, stiffness and m-value may not be the best pre-
dictors of low-temperature cracking since strength needs consideration and m-value proves
to be inaccurate in predicting the low-temperature PG grade. The following sections dis-
cuss these issues in more detail.
1.2.1 Rutting Characteristics
The high temperature portion of the PG grading is meant to prevent rutting since
rutting occurs at high temperatures. As mentioned, AASHTO M320 is followed as part
of the Superpave design to determine the high temperature grade based on both original
and RTFO-aged binder testing through measurement of G⇤ and d in order to calculate
G⇤
sind . This system worked well until the introduction of modified binders. In order to meet
the required PG grade, chemical or polymer modifiers are now typically added to asphalt
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binders. The Superpave design has limited applicability to most modified binders, since
they have shown highly nonlinear and stress sensitive behavior to loading. In addition,
variability in modified binder sensitivity has been exhibited due to traffic speed, traffic
volume, and stress or strain level according to pavement structure (Bahia et al., 2001).
Thus, as more asphalt producers add modifiers, another test has been developed to improve
high temperature characterization. This is particularly important because not all modifiers
are the same and while they may be used to design binders with a similar performance
grade, the actual performance can vary significantly depending on the modifier.
The Multiple Stress Creep and Recovery (MSCR) test also utilizes the DSR, but
measures different properties of the asphalt binder. MSCR measures the non-recoverable
compliance, synonymous to elastic recovery, referred to as Jnr. Jnr is the non-recoverable
strain at the end of a 9-second recovery period, followed by a 1-second loading period.
The term non-recoverable compliance often times is used more strictly than in this case
since recovery continues beyond the 9-second recovery period. But in the broadest sense,
non-recoverable compliance is an equivalent term. The higher the Jnr, the more permanent
deformation, and thus higher susceptibility to rutting (Arega et al., 2016).
One of the benefits of the MSCR test is the resulting elastic recovery and stress sen-
sitivity. This avoids the need for a ductilometer to measure elastic recovery and the stress
sensitivity measurement addresses modified binder concerns. In addition, grade bumping
is not necessary (Arega et al., 2016). For the standard G
⇤
sind PG test, traffic and loading may
be accounted for through the practice of grade bumping. This is where the binder grade
is "bumped" up one grade (i.e. PG 64 to PG 70) due to slow moving traffic since the rut-
ting potential is high and two grades (i.e. PG 64 to PG 76) due to standing traffic since
the rutting potential is even higher. But grade bumping has no effect on the low tempera-
ture PG grade since rutting is only of concern at high temperatures (Texas Department of
Transportation, 2006).
For the MSCR test, instead of grade bumping, different criterion exist depending
on the traffic condition. There are four traffic categories: S for standard, H for heavy, V for
very heavy, and E for extreme(Arega et al., 2016). Nonetheless, the intended replacement
of AASHTO M320, AASHTO MP19, still measures G
⇤
sind on the original binder. AASHTO
MP19 is a modified version of AASHTO M320 to incorporate the MSCR test into the
specification. Unlike in AASHTO M320, where G
⇤
sind is measured on RTFO-aged binder as
well, for AASHTO MP19 MSCR is conducted on RTFO-aged binder. In this way, MSCR
determines the RTFO-aged binder true grade and G
⇤
sind determines the original binder true
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grade. The lower of the two temperatures determines the high temperature grade as with
the current specification AASHTO M320.
Studies by Zhou et al. (2014), Bukowski et al. (2011), D’Angelo (2010), and Dubois
et al. (2014) confirm that the MSCR test has been found to better predict resistance to
permanent deformation based on the Jnr values. AASHTO MP19 brings in the MSCR test,
while still incorporating the G
⇤
sind test. Stress sensitivity and nonlinear behavior of modified
binders is addressed with the MSCR test.
1.2.2 Cracking Characteristics
Fatigue cracking is the most common form of failure for asphalt pavement. G⇤ sind
is used to indicate fatigue cracking resistance at intermediate temperatures by utilizing the
DSR. Testing is done on asphalt binders because binders experience higher localized stress
than the asphalt mixture as a whole (Bahia et al., 1999; Masad et al., 2001). Binder is the
glue for the mixture and must hold together all of the aggregates. A cyclic load is applied
to PAV-aged binder at 10 rad/s. The testing temperature is determined by the high and low
temperature grades from PG grading (Equation 1.1).
Ti =
High Grade Low Grade
2
+4 (1.1)
Although in some states, such as Texas, where high grades specified for construc-
tion often exceed PG 64 due to grade bumping to account for traffic loading, the interme-
diate testing temperature is based on a high temperature of 64 C and not the actual high
grade of the binder (Texas Department of Transportation, 2014). Regardless of the temper-
atures tested at, AASHTO M320 specifies a maxmium G⇤ sind of 5,000 kPa. A maximum
value is specified since higher G⇤ sind is interpreted as an indicator of higher incremental
damage and thus, the higher the incremental damage, the higher the susceptibility to fatigue
damage. G⇤ is the magnitude of complex shear modulus, measuring the stiffness at a given
loading frequency and temperature-aging condition. d is the phase angle of the material at
the same frequency that G⇤ is measured, calculated by the lag between the stress and strain
(Hajj and Bhasin, 2017). These two properties of the asphalt binder are the same as those
measured for calculating the high temperature grade, except that the values are multiplied,
not divided. In addition, a smaller parallel plate is used for testing in the DSR since stiffer
PAV-aged binder is used instead of RTFO-aged binder.
As mentioned earlier, G⇤ sind is used to compare dissipated energy of different as-
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phalt binders. For elastic materials, energy dissipated is a measure of the energy released
due to incremental damage propagation. But asphalt binder is a viscoelastic material so en-
ergy dissipated must be assumed to be a result of incremental damage and little recoverable
viscoelastic dissipation. These assumptions hold mostly true for unmodified binders, but
not modified binders (Hajj and Bhasin, 2017). AASHTO M320 was designed without the
knowledge of modified binders so it makes sense the specification needs some modification
to meet the current characteristics of asphalt binders.
Researchers have investigated how well G⇤ sind indicates fatigue cracking resis-
tance. Bahia et al. (1999) found that G⇤ sind does not measure the non-linear response
of asphalt binder under high strain amplitudes. The current intermediate test is run under
a low strain amplitude of one percent. The test method needs high strain levels to better
understand how the material behaves once in the non-linear range. Stuart and Mogawer
(2002) contributed to the exploration of the specification. They found that both strain-
controlled parameter G⇤ sind and stress-controlled parameter G⇤sind could not independently
explain temperature effects on fatigue cracking. Strain-controlled tests were conducted at
intermediate temperatures, while stress-controlled tests were run at high or intermediate
temperatures.
Tsai and Monismith (2005) discovered a poor correlation between G⇤ sind and lab-
oratory mixture performance. They agreed with Bahia et al. (1999) that high strain ampli-
tudes need to be used to evaluate asphalt binders. In addition, only a few cycles are run
to measure G⇤ and d even though pavements experience many loading cycles. Moreover,
testing at one temperature and one rate of loading provides little insight into the behavior
of the material. Lastly, G⇤ sind does not indicate the strength of the material since G⇤ is a
measure of the stiffness of the material. Nonetheless, Tsai and Monismith (2005) realized
that the current specification cannot simply be thrown out until a suitable replacement has
been developed.
Investigation to improve upon the current PG specification falls into four categories.
The first category deals with applying a cyclic loading to induce failure at constant fre-
quency and amplitude or conducting time sweeps as is traditionally done in the DSR. Newer
time sweep methods proved to be an advancement in the current Superpave design since
correlations were found between the metrics developed to predict fatigue failure and the
mixture performance. But the test was rather slow so monotonically increasing shear stress
and amplitude sweep tests were investigated to overcome this weakness, leading to the next
category.
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The second category is progressively increasing stress or strain amplitudes until
failure, also known as amplitude sweep tests. Once again metrics were developed for fa-
tigue resistance of asphalt binders, but this time using simplistic and mechanistic models
such as the Viscoelastic Continuum Damage (VECD) model. The main benefit of the am-
plitude sweep test is its speed since it is faster than the time sweep test. Looking at these
two categories, frequency sweep or time sweep as well as other similar tests such as the
monotonically increasing stress test, all use a parallel plate geometry which can lead to
damage induced by edge instability. This form of damage is significantly different from
fatigue cracking. In addition, torsional shear and the specimen thickness pose challenges
for these tests since edge failure and flow may occur. Thus, they may be a better indicator
of damage resistance, not fatigue damage resistance (Hajj and Bhasin, 2017).
Moving onto the third category, this category groups all measurements of ductil-
ity of binder or surrogate ductility to indicate resistance to cracking. A correlation was
found between ductility at low-intermediate temperatures (15 C) and cracking in asphalt
pavement for both direct and indirect measurement. For direct measurement, essential and
plastic works of fracture parameters were measured, showing a strong relation between
laboratory mixture performance and field performance. A disadvantage of direct mea-
surement of ductility is the large number of samples required and immense time needed.
Indirect measurements of ductility can come in the form of rheological parameters such as
G0
h 0
G0
. Benefits of indirect measurement are the small number of samples needed and the uti-
lization of the DSR, which is already used by the current PG system. G
0
h 0
G0
has been shown to
correlate well with unmodified binders, but investigation into the correlation with modified
binders is still underway (Hajj and Bhasin, 2017).
The last category puts together methods of measuring strength or fatigue cracking
resistance of asphalt binder in a realistic stress state. A realistic stress state refers to subject-
ing a thin film of mixture under a state of confinement to a stress similar to that experienced
in the field. The goal is to recreate damage nucleation and propagation to determine the
strength of the thin film of binder in a confined state. Some of the methods developed are
double cantilever, butt joint, and poker chip. In addition, a standardized composite con-
sisting of glass beads instead of aggregates is used to reach the same goal of recreating
damage nucleation and propagation. The methods in this category show strong correlation
with mixture fatigue performance and encourage accuracy, but require very different equip-
ment and methods then currently employed by the PG grading system (Hajj and Bhasin,
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2017).
Continuing to improve methods to better measure fatigue damage resistance is very
important for many reasons. First, fatigue damage is used for grading, purchase, and design
of asphalt binders. Also, it serves as a screening tool to evaluate the influence of modi-
fiers and/or additives. Lastly, measuring fundamental material properties of asphalt binder
are essential as model inputs for behavior and damage evolution in the mixture (Hajj and
Bhasin, 2017).
1.2.3 Low Temperature Characteristics
When selecting the best asphalt binder for a particular use with low temperature
properties in mind, mitigation of low-temperature cracking is the biggest concern. Break-
ing down the mechanics of low-temperature cracking, the change in temperature induces
thermal stresses in a pavement. As a pavement cools down, the inability of the pavement
to change its geometry causes thermal stresses to build up in the asphalt binder. Once the
stresses exceed the strength of the binder, a crack is initiated (Anderson et al., 2011). But
the natural ability of a binder to relax allows these thermal stresses to dissipate over time,
preventing a build up of high stresses. Thus, a desirable pavement has superior relaxation
and strength properties (Jones et al., 2014).
According to the current Superpave specifications, stiffness and m-value of asphalt
binders are measured using the Bending Beam Rheometer (BBR) test to determine low-
temperature stiffness properties (Kennedy et al., 1994). The BBR applies a point load
to asphalt binder beams in a bath at low temperatures. A low stiffness represents lower
induced stress and thus a favorable property since stress is essentially the product of the:
change in temperature, coefficient of thermal expansion, and stiffness. A high m-value
indicates a desirable property due to the elevated ability to relax, resisting the generation of
stresses. Mathematically speaking, the m-value represents the slope of the stiffness versus
loading time in the log-log plot, or the rate of relaxation (Kennedy et al., 1994).
Stiffness is used to characterize binder performance. As mentioned before, thermal
stresses developed in the binder in the field depend on the stiffness and m-value for the PG
system (Kennedy et al., 1994). However, failure or cracking only occurs when the thermal
stresses exceed the capacity or tensile strength of the binder, which can be different from
one binder to another. But strength of asphalt binders is often not measured, so correla-
tion between laboratory and field performance is poor. Strength must be factored into the
specification of asphalt binders. Also, normally only the m-value ends up determining the
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asphalt binder’s low temperature PG grade. Nonetheless, stiffness and m-value may not
be the best predictors of low-temperature cracking since strength needs consideration and
m-value proves to be inaccurate in predicting the low-temperature PG grade.
Other studies point to the use of DTc as a better indicator of field performance.
In the presentation made by Rowe (2016), DTc is defined as the difference between the
critical temperature based on the stiffness and the critical temperature based on the m-value
as measured in the BBR test. As mentioned early, the more conservative value (warmer
temperature) determines the binder’s low temperature true grade. DTc is a measure of how
close the stiffness and m-value parameters are to each other with respect to their influence
over the low temperature true grade. The revision to ASTM D7643 (2010) describes the
process for selecting the low temperature true grade and defines DTc.
Anderson et al. (2011) looked further into DTc when they studied airfield pavements
with the objective of predicting when preventative maintenance was needed to minimize the
effects of non-load related cracking. Both transverse and block cracking occur due to en-
vironmental conditions (non-load related), such as low temperature and aging respectively.
In other words, block cracking occurs on pavements that are older, while transverse crack-
ing happens when the temperature first drops during winter. Thus, binder was aged 20, 40,
and 80 hours to investigate the aging effects at low temperatures, not necessarily correlated
to any particular service life (Anderson et al., 2011). Their work on cracking was based on
concepts developed by Glover et al. (2005).
Glover et al. (2005) relates cracking behavior to ductility at low temperatures. They
used the Maxwell element to better understand rheological properties of binders, in turn
characterizing changes in ductility. Glover et al. (2005) found that ductility testing has
low repeatability and required an additional piece of equipment, so they developed a new
parameter. The parameter G
0
h 0
G0
is inversely related to ductility in a log-log plot, quantifying
the loss of flexibility with aging. G0 represents the storage modulus and h the dynamic
viscosity. As G
0
h 0
G0
increases, ductility decreases. In order to calculate G
0
h 0
G0
, the Dynamic
Shear Rheometer (DSR) was run at 10 rad/s and 44.7 C to simulate ductility at 15 C and 1
cm/min. Glover et al. (2005) determined a cracking warning of 3 kPa/s (5 cm for ductility)
and a cracking limit of 0.9 kPa/s (3 cm for ductility).
Anderson et al. (2011) used the findings of Glover et al. (2005) to further relate duc-
tility and DTc. They found that as the stiffness decreases on a m-controlled binder, the low
temperature true grade also decreases because the m-value and stiffness both contribute to
the binder gaining relaxation. Binder oxidation over time exhibits the same trend but in the
12
opposite direction, showing an increase in the low temperature grade as the binder ages.
But, there is a faster loss of relaxation properties (m-value) relative to stiffness because
m-value and stiffness are not linearly related. Therefore, the difference between Tc based
on m-value and stiffness widens as the binder ages, producing a larger DTc. Anderson
et al. (2011) defines a cracking warning of 2.5 C and a cracking limit of 5 C. Using this
knowledge of DTc and ductility, as DTc increases, ductility decreases. They verified this
correlation using field and lab data, producing a consistent trend, though not linear. There-
fore, according to Anderson et al. (2011), either G
0
h 0
G0
or DTc can be used to predict asphalt
pavement cracking behavior. Regardless, both of these indicators improve upon the current
system of using the BBR to characterize low temperature cracking behavior.
1.2.4 Summary of Performance Characteristics in the PG System
The PG system was a huge step forward from penetration grading and AR and
AC viscosity grading systems. It moved from a highly empirical to a performance-based
system with the goal of creating a system applicable to any climatic conditions and varying
asphalt binder sources. The main focus of all of the systems has been to best replicate field
performance based on a laboratory measured parameter. Each grading system has moved
closer to this goal, but it has yet to be achieved.
One of the main reasons why the PG grading system needs alterations is due to the
introduction of additives and modifiers. Different chemicals are added to asphalt binders to
meet the required PG specification, but the desired performance is not adequately measured
by the current specification. When the PG grading system was created, modified binders
did not exist so they were never considered. Thus, the current PG specification needs
an upgrade to account for both unmodified and modified binders in the design of all the
test methods. Much research has been conducted to improve upon the current Superpave
methods. New test methods have been developed such as MSCR for high temperatures,
poker chip for intermediate temperatures, and DTc for low temperatures. Nonetheless, the
current PG grading cannot simply be eliminated; investigation must continue before these
new methods replace different aspects of the PG grading system.
1.3 MOTIVATION
Further investigation must be done into the various new methods and parameters
that seek to improve the current PG grading specification such as MSCR, poker chip, and
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DTc. As mentioned previously, substantial research has already been done proving strong
correlations between these new test methods and different pavement failures individually
but not as a whole. A corollary to this is that binders graded to be similar based on the
current PG framework may result in vastly different field performances, owing to the dif-
ferences in their chemical composition, processing methods used to produce the binder,
and/or chemical or polymer modifiers added to the asphalt binder during and after binder
production.
As a first step to improve the binder PG specification, this study examines the per-
formance of several asphalt binders using the PG framework, as well as tests and parameters
that may be potentially more sensitive to binder performance. The scope of this study is
limited to the source and PG grade of the asphalt binders tested as well as the particular
tests conducted. The results from this study cannot yet be extrapolated to all binders in
general, but will hopefully in the future with the addition of more asphalt binders being
tested. It must be emphasized that while this study recognizes the importance of binder
properties, ensuring a good quality binder is necessary but not sufficient to ensure a good
performance pavement.
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CHAPTER 2. MATERIALS, METHODS AND PARAMETERS
2.1 MATERIALS
A total of 34 asphalt binders were used in this study from 12 different binder sources
and 7 producers. All of the binders were sampled from the Texas Department of Transporta-
tion after undergoing the standard PG grading tests. The binder grades varied from a high
temperature PG grade of 76 down to 58, while the low temperature PG grades ranged from
-28 up to -22. Such a wide range of asphalt binder PG grades were tested to establish a
complete understanding of the PG grading system, while ensuring that the most commonly
used binder grades in Texas were more heavily represented.
The most prevalent binder grade used was PG 64-22 with 11 binders tested. PG 64-
22 is the most common binder PG grade used in Texas. As such, this grade was sampled
from several different sources. The next most common were PG 70-22 and PG 76-22
with seven binders each. Texas often sees higher PG binder grades than the rest of the
United States due to the warmer weather, especially in the summer months. In fact, extreme
fluctuations in temperature are often even seen on a daily basis, warranting a more balanced
and rational PG approach. Grade bumping due to high traffic conditions leads to a higher
than average PG high temperature binder grade. PG 58-22 had four sources that were
tested, while PG 64-28 had only two sources that were tested during this study. Lastly,
only one binder was tested from each PG grade of 58-22, 70-28, and 76-28 since these
binder grades are uncommon in Texas. See Figure 2.1 for a graphical representation.
2.2 PG TESTS
Standard PG system tests were conducted following AASHTO M320. In order to
achieve aging conditions, the Rolling Thin Film Oven (RTFO) and Pressure Aging Vessel
(PAV) were used, following ASTM D2872 and D6521 respectively (Figures 2.2 and 2.3).
On the high temperature side, the Dynamic Shear Rheometer (DSR) was used to find G
⇤
sind
on original and RTFO-aged binder at 10 rad/s (Figure 2.4).
The binders were tested at three temperatures (6 C above the labeled PG grade, 6 C
below the labeled PG grade, and at the labeled PG grade). The same process was completed
for both original and RTFO-aged binder, following ASTM D7175. In order to find a linear
relationship between G
⇤
sind and temperature, a log-linear plot was created. Figure 2.5 shows
15
Figure 2.1. The PG grades of all the binders used in the study.
Figure 2.2. The James Cox & Sons Rolling Thin Film Oven, Model CS 325.
an example of this relationship for RTFO-aged binder E 64-22.
Then using the model of G
⇤
sind versus temperature, the true temperature grade was
determined based on a minimum value for G
⇤
sind since the lower the
G⇤
sind , the softer the binder
and more prone to rutting. The original binder true grade corresponds with a minimum cut-
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Figure 2.3. The Prestex Pressure Aging Vessel by the Gilson Company.
Figure 2.4. The AR 2000 Dynamic Shear Rheometer.
off value for G
⇤
sind of 1 kPa, while the RTFO-aged true grade matches with a minimum value
of 2.2 kPa for G
⇤
sind according to AASHTO M320. The lower of the two true grades is
rounded down to the nearest label (e.g. 58, 64, 70, 76) to produce the high temperature PG
grade.
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Figure 2.5. A log-linear plot of G⇤sind versus temperature for RTFO-aged binder E 64-
22.
On the low temperature side, Bending Beam Rheometer (BBR) testing was per-
formed according to AASHTO T313 to determine the stiffness and m-value of each asphalt
binder (Figure 2.6). Beams were molded to the size of 6.25 X 12.5 X 127 mm. The actual
span length used for calculations is 101 mm because the beam slightly hangs off both sup-
ports in order to stay in place during testing. All binders were tested at three temperatures
near 10 C warmer than the low temperature PG grade (4 C above, 10 C, and 16 C above
the labeled PG grade) to shorten testing time. For example, a PG low temperature grade
of -22 was tested at -18 C, -12 C, and -6 C. Beams were conditioned in a methanol bath
for one hour before testing. A 100 g single-point mid-span loading was applied over a
four-minute time period to PAV-aged binders.
The resulting m-value and stiffness at each of the three temperatures were used to
create a relationship between the temperature and m-value, as well as the temperature and
stiffness. A semi-log plot of stiffness versus temperature produced a linear relationship,
while a plot of m-value versus temperature also created a linear relationship. Figures 2.7
and 2.8 display examples of these relationships for binder D 76-22.
These models were then used to back calculate the temperature at the specified
m-value and stiffness occurring 60 seconds into the test. For m-value, a minimum value
of 0.3 is specified in AASHTO M320. Since the m-value is the slope of the stiffness
relationship at 60 seconds into the test, it indicates the ability of the binder to relax at low
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Figure 2.6. The CANNON Instrument Company Bending Beam Rheometer (BBR),
Model TE.
Figure 2.7. A log-linear plot of stiffness versus temperature for binder D 76-22.
temperatures. The minimum value ensures that the asphalt binder can relax at least the
specified amount, even at low temperatures. For the stiffness, a maximum value of 300
MPa ensures that the binder does not become stiffer than 300 MPa at low temperatures.
These parameters were used to determine the low temperature PG grade for each asphalt
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Figure 2.8. A linear plot of m-value versus temperature for binder D 76-22.
binder. The higher of the two temperatures, one based on m-value and the other based on
stiffness, determines the low temperature true grade. Last, the true grade is rounded up to
the nearest PG classification (e.g. -28, -22, -16) to result in the low temperature PG grade.
2.3 ADDITIONAL TESTS AND PARAMETERS BEYOND PG SPECIFICATIONS
Tests outside of the PG specification were run to better characterize asphalt binders
of all PG grades. Binders that have the same PG grade do not necessarily behave the same
in the field. Additional tests are meant to improve the current system of classifying asphalt
binders. These tests executed outside the PG specification include: X-ray fluorescence
spectrometry (XRF), Multiple Stress Creep Recovery (MSCR), spot test, poker chip, and
BBR Pro; each of which will be described in greater detail in this section.
2.3.1 Metal Content
X-ray fluorescence spectroscopy (XRF) is a semi-quantitative analysis technique to
detect various elements, typically from Sodium to Uranium on the Periodic Table (Arnold
and Shastry, 2015). A hand-held X-ray fluorescence spectrometer was used to identify
different materials in the original asphalt binders (Figure 2.9). Asphalt binder was heated
and poured into a container before being placed upside down on the contact surface at the
top of the machine. A benefit of this technique is the small amount of sample preparation
20
required.
Figure 2.9. The Brunker X-ray fluorescence spectrometer.
The XRF procedure produces a spectra with various peaks, indicating the presence
of different metals. The goal was to detect different asphalt modifiers in the asphalt binders
by distinguishing the materials that make up the known modifiers. XRF can potentially
be used to identify Polyphosphoric Acid (PPA), Recycled Engine Bottoms (REOB), and
Crumb Rubber Modified (CRM) in original binders. REOB is of particular interest due to
performance concerns especially at low temperatures (Arnold and Shastry, 2015). Table
2.1 shows the materials that correlate with specific modifiers added to binders.
Table 2.1. All the metals in each asphalt modifier (Arnold and Shastry, 2015).
P Ca K Fe Ti Cu Br Pb Zn Mo Sn
PPA X
REOB X X X X X X
CRM X X X X X X X X
Each additive has signature metals that will appear in the XRF spectra if present.
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However, many asphalt binders already may have trace amounts of one or more of these
metals. In addition, many of the metals that occur in one modifier are also present in
another, so determining which modifier was added to a particular asphalt binder is difficult.
Arnold and Shastry (2015) found that sometimes XRF can distinguish a relative difference
between two asphalt binders or indicate an asphalt source but an objective and quantitative
characterization is hard to accomplish due to the vast amount of variables (e.g. the type and
concentration of metals may vary from one REOB source to another).
2.3.2 MSCR-Based True Grade
The Multiple Stress Creep Recovery (MSCR) test was conducted according to
AASHTOM332. For the PG grading specification, original and RTFO-aged asphalt binders
were tested in the DSR to find G
⇤
sind . The MSCR test replaces the RTFO-aged portion of
testing for the PG specification, but still uses the G
⇤
sind parameter for the original binder.
MSCR measures the non-recoverable compliance, also known as elastic recovery, referred
to as Jnr. Jnr is the non-recoverable strain at the end of a 9-second recovery period, fol-
lowed by a 1-second loading period. Twenty cycles were applied at a shear stress of 0.1kPa,
followed by 20 more cycles at 3.2 kPa at the same three temperatures as for the standard
high temperature PG grade testing. The average Jnr was calculated for each cycle before
the average was taken of all 20 cycles at the particular applied shear stress. To find the Jnr
for each cycle, the non recoverable shear strain was divided by the applied shear stress as
shown in Equation 2.1.
Jnr =
Non-Recoverable Shear Strain
Applied Shear Stress
(2.1)
The non-recoverable shear strain is the initial shear strain at the beginning of the
creep subtracted from the final shear strain at the end of the recovery, presented in Equation
2.2. Figure 2.10 shows the non recoverable shear strain graphically for binder J 70-22. Only
the first cycle is plotted as an example.
Non Recoverable Shear Strain= Final Shear Strain  Inital Shear Strain (2.2)
The calculated Jnr at a stress level of 3.2 kPa is then used to find the high tempera-
ture true grade. (The Jnr determined at the stress level of 0.1 kPa will be used for the stress
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Figure 2.10. The percent strain over time of binder J 70-22 for the first cycle.
sensitivity parameter described later.) The higher the Jnr, the more permanent deformation
so a maximum value is set based on the traffic level. For standard traffic, 4.5 kPa 1 is the
cut-off while for heavy, very heavy, and extreme traffic conditions the maximum Jnr is 2, 1,
and 0.5 kPa 1 respectively. In order to find the relationship between Jnr and temperature, a
log plot is created using the Jnr found at three temperatures and two replicates. An example
of this relationship is shown in Figure 2.11.
This model is used to back calculate the temperature at the maximum value for
Jnr (e.g. 4.5 kPa 1 for standard vehicular traffic). Because this method adjusts the max-
imum Jnr based on the traffic conditions, grading bumping is not necessary. Note that
in this study the true grade based on Jnr was determined and evaluated on its own for
RTFO-aged binders. According to AASHTO M332 specification, the grade of the binder
is determined using the more conservative temperature grade between G
⇤
sind measured using
original binder and Jnr measured using RTFO-aged binder. Arega et al. (2016) has shown
that in most cases, the original G
⇤
sind grade is more conservative and as such the Jnr does not
dictate the grade of the binder .
The MSCR test can also be used to find the stress sensitivity of each asphalt binder.
As mentioned in the previous chapter, polymer modifiers can cause a non-linear strain re-
sponse and are sensitive to the stress level applied during the test. Therefore, a comparison
of the Jnr values at each shear stress is important to ensure that the two values do not vary
significantly, which is deemed over 75%. Equation 2.3 was used to calculate the stress
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Figure 2.11. A log plot of Jnr versus temperature for binder J 70-22.
sensitivity of each asphalt binder. If the stress sensitivity falls below 75%, then the binder
passes the stress sensitivity check.
Stress Sensitivity=
Jnr,3.2kPa  Jnr,0.1kPa
Jnr,0.1kPa
 0.75 (2.3)
2.3.3 Spot Test
The spot test originally began as an indicator of Thermal Cracked Residues (TCR)
in 1933. TCR used in asphalt pavements in the 1920s and 1930s showed unacceptable age
hardening leading to premature failures. Thus, the spot test was born. In fact, as of 1992,
eight states still required the spot test, but the majority of states used the RFTO as a more
accurate predictor of age hardening (Root and Moore, 1992). The spot test can also be used
to determine if the asphalt binder has been overheated. In this study, the spot test was used
to indicate the compatibility of the components of an asphalt binder (e.g. modifiers and
original binder). The spot test was conducted according to AASHTO T102, but toluene
was used instead of naptha standard. Two grams of binder were dissolved into 10 mL of
toluene. Then, a drop was placed in the center of filter paper using a pipette (Figure 2.12).
The percent area on the black spot was compared to the total spot using the software
ImageJ. The spots were imported into the computer via scan before being converted to
grayscale. Once in grayscale, ImageJ was used to find the total black spot area and the
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Figure 2.12. The dissolved binder beside the marked filter paper.
total spot area to find the percent black spot area. Figure 2.13 shows the spots as they go
through the process. A homogeneous ring indicated good compatibility of components in
the asphalt binder, while a solid ring indicated separation as shown in Figure 2.14.
Figure 2.13. Spots at various steps of the process from scan to grayscale to ImageJ.
Figure 2.14. The different degrees of separation from homogeneous to separated.
2.3.4 DTc
Finding the parameter DTc does not require any additional testing beyond the stan-
dard BBR test already run to determine the low temperature PG grade, only additional
calculations. As mentioned, for the PG low temperature grade, the higher (less negative)
true grade based on the stiffness and the m-value determines the grade. For DTc, the true
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grade values from stiffness and m-value are subtracted to find the difference between the
two parameters following ASTM D7643, shown in Equation 2.4.
DTc = Temperaturem-value Temperaturestiffness (2.4)
Calculating DTc is important because the parameter shows how close the stiffness
and m-value parameters are to each other with respect to their influence over the low tem-
perature true grade. As mentioned in the previous chapter, the m-value true grade often
determines the low temperature PG grade so DTc allows the comparison of these two pa-
rameters, which cannot be seen by simply looking at the low temperature PG grade.
2.3.5 Aging Sensitivity
The properties of asphalt binders change with age, gaining stiffness and loosing
the ability to relax over time. In order to quantitatively show the effect of age on asphalt
binders, each binder underwent long-term aging using the Pressure Aging Vessel (PAV)
twice. In this thesis, long-term aging the material one time is referred to as PAVI and after
the second round of long-term aging, the aging is referred to as PAVII. After undergoing
short-term aging in the RTFO, ASTM D6521 was followed to age the material to reach
PAVI. (PAVI is the same as PAV. The numeral was just added to prevent confusion with
PAVII.) Then, the material was aged again using the PAV to reach PAVII. The only differ-
ence between PAVI and PAVII is that PAVII goes through the PAV process once more.
In order to determine the low temperature grade for the standard PG grading system,
BBR was run on PAVI-aged binder as described previously . Thus, the only additional test-
ing required was on PAVII-aged binders. As with the PAVI-aged binder, AASHTO T313
was followed; the only difference being that PAVII-aged binder was used. The binders
were tested at three temperatures, the same as for the standard BBR test in order to make
the comparison. The m-value and stiffness were gathered to compare the PAVI and PAVII
binder properties. Equation 2.5 was used to calculate the difference between the two aging
conditions for both m-value and stiffness separately.
Percent Difference=
PAVII PAVI
PAVI
⇥100 (2.5)
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2.3.6 Strength Test at Intermediate Temperature
The current PG grading specification for intermediate temperature uses the DSR
to measure G⇤ sind at a maximum of 5,000 kPa for a frequency of 10 rad/s on PAV-aged
asphalt binder. As described in the previous chapter, alternative methods have been devel-
oped to improve upon the current PG specification. The poker chip test utilizes a normal
tension-compression universal loading frame (in the Instron E1000) to apply a constant
stress increment of 1 N/sec until failure to RTFO-aged binder at 18 C. In order to deter-
mine the testing temperature, 300 cities across Texas were surveyed to find the average air
temperature. Then, cities were grouped based on the PG grade that was most applicable.
Lastly, the average air temperature was taken of each group to find the testing temperature
for each particular PG grade (average temperatures were rounded to the nearest degree). It
turned out that all binders used in this study should conduct testing at 18 C.
In order to control the temperature, a plastic chamber was installed around the In-
stron. A thin film of asphalt binder, about 300 µm, was sandwiched between two metal
plates of diameter 14.6 mm. The samples were conditioned for 20 minutes in the temper-
ature controlled chamber to reach equilibrium. The test setup is displayed in Figure 2.15
as well as a schematic of the plates in Figure 2.16. The detailed test procedure is outlined
in Hajj (2016). The strength at failure was noted due to the tensile stress applied. All the
asphalt binders with the same PG grade were compared.
2.3.7 Strength Test at Low Temperature
The standard BBR test used to find the PG low temperature grade does not measure
strength of the asphalt binders, only the stiffness and relaxation (m-value). Thus, the BBR
Pro (CANNON Instrument Company) was used to determine the strength of each asphalt
binder at both PAVI and PAVII aging conditions. Figure 2.17 displays the machine used for
testing.
AASHTO T313 was followed for beam preparation and conditioning in the bath,
but a different load was applied. Instead of applying a constant load over the entire testing
period, a constant rate of 4 N/min was used. The stress increment was applied until failure,
which is the point at which the beam physically broke. The maximum stress (s ) was
calculated at the maximum load (P) the beam could withstand using Equation 2.6. The
thickness, width, and length of the all beams is the same as for the standard BBR test with
the dimensions 6.32 X 12.6 X 100 mm used in Equation 2.6. (The beam length is actually
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Figure 2.15. The Instron E1000 set up (Sultana, 2014).
Figure 2.16. A schematic of the plate geometry (Sultana, 2014).
127 mm, but the span length is used since the distance between the two supports is the
length of load applied.)
s = 3⇥P⇥Length
2⇥Width⇥Thickness2 (2.6)
The asphalt beams were tested at two temperatures, 10 C above the low temperature
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Figure 2.17. The CANNON Instrument Company Bending Beam Rheometer (BBR)
Pro, model TE.
PG grade and 6 C below that temperature (4 C above the low temperature PG grade). In
other words, low temperature PG -22 grade binders were tested at -12 C and -18 C, while
the PG -28 binders were tested at -18 C and -24 C. The maximum stress of all the asphalt
binders at both temperatures and aging conditions were compared.
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CHAPTER 3. LABORATORY TESTING RESULTS
3.1 OVERVIEW
This chapter presents and explains the results from the various tests run that fall
outside of the PG specification. But the current PG grading will still be used as a point
of comparison between the current PG grading system and new test method results. The
methods followed were explained in the previous chapter; only the results and analysis are
presented in this chapter. The test results outlined include: XRF, MSCR, spot test, DTc,
aging sensitivity, poker chip, and BBR Pro.
3.2 LABORATORY TESTING RESULTS
For all of the graphs presented, each binder was given a letter identifier for the
source followed by the labeled PG grade. Binders were labeled Source A through L. For
example, J 70-22 represented Source J with a PG grade of 70-22. This grade was verified by
the TxDOT laboratory before being received to undergo all testing. Outliers were defined
differently for each test and based on a holistic view of the results. It must be noted that
these outliers are not necessarily positive or negative properties; further work must be done
to form such conclusions.
3.2.1 Metal Content
As mentioned in the previous chapter, each peak in any given XRF spectrum rep-
resents a different metal found in the original asphalt binder. The results from XRF are
presented in Figures 3.1-3.6. Each asphalt modifier has a combination of these metals, as
was presented in Table 2.1 from the previous chapter. A summary of these results is dis-
played in Figure 3.7. The blue represents binders where none of the four metals (iron, zinc,
calcium, or phosphorus) were found, while gray represents binders that were not tested
due to limited resources. If a box has multiple colors, then XRF indicated multiple metals
present.
Each modifier has a signature combination of metals that indicate the presence of
a particular modifier. Table 3.1 displays the binders in which metals were detected and
the possible corresponding modifiers. There lies an issue in differentiating between modi-
fiers since modifiers share metals. It was difficult to determine which modifier was added
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Figure 3.1. The XRF spectra for binders with a high temperature grade of PG 58.
Figure 3.2. The XRF spectra for the first half of binders with a high temperature
grade of PG 64.
Figure 3.3. The XRF spectra for the second half of binders with a high temperature
grade of PG 64.
31
Figure 3.4. The XRF spectra for first half of binders with a high temperature grade
of PG 70.
Figure 3.5. The XRF spectra for second half of binders with a high temperature grade
of PG 70.
Figure 3.6. The XRF spectra for binders with a high temperature grade of PG 76.
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Figure 3.7. A summary of all the binders tested and the metals found through the
XRF test.
with certainty. In addition, asphalt binders have metals present before modifiers are added
depending on the source. For example, a particular source may have a large amount of
phosphorus, while for another source calcium may be very prevalent. Therefore, a knowl-
edge of the typical asphalt source properties is necessary along with more extensive XRF
testing in order to confidently detect the presence of particular modifiers. Lastly, not all
modified binders include metals so only speculation can be drawn. It should be noted that
Table 3.1 is only a suggestion, not a correlation made with certainty; more information
about the binder source metal composition is needed.
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Table 3.1. The metals detected and the corresponding modifier.
Binder Metal 1 Metal 2 Metal 3 Modifier
A 64-22 Fe - - REOB or CRM
A 64-28 Fe Zn - REOB or CRM
A 70-22 Fe - - REOB or CRM
F 64-22 Fe P - REOB
G 70-22 Fe - - REOB or CRM
I 70-22 Zn - - REOB or CRM
I 76-22 Zn - - REOB or CRM
J 58-28 Zn Ca Fe REOB or CRM
J 76-22 Zn - - REOB or CRM
L 58-28 Zn Ca Fe REOB or CRM
L 64-22 Zn Ca Fe REOB or CRM
3.2.2 MSCR-Based True Grade
MSCR testing was conducted along with the standard high temperature PG testing
in the DSR. The results of the MSCR test are compared to those obtained from the standard
PG testing in Figures 3.8-3.11. As mentioned previously, G
⇤
sind was used to find the true (also
known as the continuous) grade for both original and RTFO-aged binders, while Jnr was
the basis for the true grade of RTFO-aged binders. In order to best show in the difference
in true grade, each graph shows the true grade based on the original G
⇤
sind , RTFO-aged
G⇤
sind ,
and MSCR testing. Note that based on the specification used, the actual true grade of the
binder is the lower of the two values based on original and RTFO G
⇤
sind or the lower of the
two values based on original G
⇤
sind and RTFO-aged Jnr from the MSCR test. However, in this
case each of the three parameters is considered independently to compare the true grade.
The red solid line on each figure marks where the true grade exceeds the point at
which it would round down to the labeled PG high temperature grade. For example, in
Figure 3.9 binder A 64-28 has an MSCR true grade of 74, which rounded down to a high
temperature grade of PG 70, not the labeled PG 64. In addition, some of the bars are filled
in red to indicate outliers, which are so great that they reach far outside the range of the
graph; in actuality the red bars stretch far above the shown maximum vertical axis true
temperature grade. In other words, the red bars indicate true grades greater than 12 C (two
PG grades) above the labeled high temperature grade. For instance, binder C 76-28 has
an MSCR true grade of 89, which is 13 C above the labeled grade of PG 76. Figure 3.12
summarizes all of these results.
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Same as Figures 3.8-3.11, red boxes indicate outliers by a difference in the true
grade of greater than 12 C. In addition, the labeled grade underlined represents a true
grade that was not only more than 12 C above the label grade of the binder, but also a
true grade greater than 90 C, an extreme outlier. The outlier criteria was chosen since a
12 C difference would bump the grade up by two high temperature PG grades, making a
significant impact on the final PG high temperature grade. There were a concentration of
outliers from Source C that should be noted for comparison to other tests.
Figure 3.8. The true grades for all high temperature PG 58 binders.
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Figure 3.9. The true grades for all high temperature PG 64 binders.
Figure 3.10. The true grades for all high temperature PG 70 binders.
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Figure 3.11. The true grades for all high temperature PG 76 binders.
Figure 3.12. A summary of all the binders tested and outliers present for high tem-
perature PG grading.
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3.2.3 Spot Test
For the spot test, the software ImageJ was used to determine the percentage black
area compared to the total area of the spot. Ideally, one would expect a homogeneous and
uniform spot formation. In the case of binder with incompatible or unstable chemical frac-
tions and/or modifiers, the spot has a distinct separation and is not homogeneous. REOB
or CRM could potentially be correlated with an unstable modifier and thus show distinct
separation, but not enough data was collected during the XRF testing to assuredly make
the connection. The percentage black area was used as a quantitative measure for the sep-
aration when such separation did occur. Figures 3.13 and 3.14 show the spot test results in
terms of black area out of the total spot area.
In each figure, the solid red line marks the 10% spot area boundary, above which
outliers exist. Also, red bars represent extreme outliers that fall far outside the range of
the other values since they have a spot area greater than 20%. It should be noted that
the red bar extreme outliers stretch far beyond the maximum vertical axis range provided.
Outlier criteria was determined upon inspection of the results. Since there are no current
specification limits for these measurements, this criteria is only applicable to this study
at this point in time. A summary of all the results is presented in Figure 3.15 with all the
outliers in red and the extreme outliers underlined. Source C and I displayed a considerable
amount of outliers.
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Figure 3.13. The percent black area for all high temperature PG 58 and PG 64
binders.
Figure 3.14. The percent black area for all high temperature PG 70 and PG 76
binders.
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Figure 3.15. The results for percent black area of the total area with outliers in red.
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3.2.4 DTc
DTc is not a separate test, but a calculation that looks at the difference between
two true grades found from the BBR test, one based on the m-value and the other based
on the stiffness for PAV-aged binders, presented in Figures 3.16-3.18. The final PG low
temperature grade is the higher (less negative) of the two true grades rounded up to the
nearest PG grade classification. For instance, binder A 64-28 has a m-value true grade
of -20 C, while the stiffness true grade is -23 C. Picking the greater of the two, the low
temperature true grade is m-value controlled with a value of -20 C that rounds up to -16 C
for the PG grade with a DTc of 3 C. But simply looking at the PG grade does not show
whether it is m-value or stiffness controlled and the difference between the two values.
As mentioned in previous chapters, the PG low temperature grade is almost always
m-value controlled as in the example. This raises concerns since only the relaxation and not
stiffness properties at low temperatures are contributing to determining the low temperature
grade. In fact, for this study only one binder was stiffness controlled, as indicated with a red
bar in Figure 3.18, and just by 0.5%. It should be noted that not all the G
⇤
sind values for the
original and RTFO-aged binders met the 0.3 minimum (from AASHTOM320) when tested
in the lab because the material underwent multiple rounds of heating before the standard
PG high temperature testing.
Outliers in Figures 3.16-3.18 represent the DTc values that were greater than 6 C,
since 6 C is the difference between PG grades. (A red line on each graph at 6 C helps
differentiate the outliers.) In other words, if DTc is less than 6 C, it does not matter if the
binder is m-value or stiffness controlled because the final PG low temperature grade would
end up the same. But if DTc is greater than 6 C, the PG grade is not taking into account
both properties measured during the BBR test. Thus, binders are not required to follow
maximum stiffness criterion, only minimum relaxation requirements since most binders are
m-value controlled. Hence, the m-value controlled binders show potentially less sensitivity
to temperature. Figure 3.19 displays a summary of the results with the outliers in red. In
addition, the one binder that was stiffness controlled is underlined. It should be noted that
the gray box indicates a binder that was not tested due to limited resources and time. There
are a concentration of outliers from Source F, G, H and J.
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Figure 3.16. The difference in m-value and stiffness true grades for PG 64-22 binders.
Figure 3.17. The difference in m-value and stiffness true grades for the remaining low
temperature PG -22 binders.
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Figure 3.18. The difference in m-value and stiffness true grades for low temperature
PG -28 grade.
Figure 3.19. A summary of all the results for DTc with outliers in red.
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3.2.5 Aging Sensitivity
Asphalt binders underwent PAVI (generally referred to as PAV) and PAVII aging
in order to compare the properties at the two aging conditions. Only PAVII aging was
necessary beyond the scope of the PG specification, along with additional BBR testing on
the further aged material. Both the m-value and stiffness were compared using Equation
2.5 from the previous chapter to find the percent difference. Figures 3.20-3.22 present the
results of the comparison.
Outliers are defined as those less than -20% (larger negative) for m-value and
greater than 40% for stiffness. The difference in m-value was a negative percentage since
relaxation properties decrease with age, while stiffness of binders increases as time passes.
A summary of the results is presented in Figure 3.23 with the m-value outliers in red and
the stiffness outliers in brown. Boxes split with both colors indicate that the particular
binder had both outliers, such as binder E 58-28. For simplicity of the m-value outlier cri-
terion, the equivalent was used for the summary of the results (Figure 3.23) by flipping the
inequality and taking away the negative. The outliers chosen follow no standard and only
apply to the data set in this study; criteria was chosen based on observation of the results.
Source K showed a large concentration of outliers.
Figure 3.20. The change in m-value and stiffness between aging conditions for PG
64-22 binders.
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Figure 3.21. The change in m-value and stiffness between aging conditions for the
remaining low temperature PG -22 grade binders.
Figure 3.22. The change in m-value and stiffness between aging conditions for low
temperature PG -28 grade binders.
45
Figure 3.23. A summary of results for changes in low temperature properties with
outliers in red and brown.
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3.2.6 Strength Test at Intermediate Temperature
As mentioned in the previous chapter, the poker chip test was run on RTFO-aged
binder at an intermediate temperature of 18 C and a loading rate of 1 N/sec. The tensile
strength at fracture was collected for each binder. Because the intermediate properties of
each asphalt binder depend on both the high and low temperature PG grade, the results are
presented based on the PG grade. Binders C 70-28, C 76-28, L 58-22 were not plotted
since there are no other binders for comparison with the same PG grade. Similarly, the
results for C 64-28 and A 64-28 are not presented since only two binders of the same grade
were tested so no outlier criterion could reasonably be drawn. Figures 3.24-3.27 display
the remaining PG grades with multiple binders of the same grade.
A red line is drawn on each graph to emphasize outliers. For PG 58-28 and PG 64-
22 (Figures 3.24 and 3.25), any tensile strength below 0.5 MPa was considered an outlier,
while for PG 70-22 and PG 76-22 (Figures 3.26 and 3.27) a tensile strength below 0.8 MPa
was an outlier. The outlier criteria was arbitrarily chosen by examining the results of each
PG grade individually. Figure 3.28 summarizes the results with red indicating outliers,
representing the outlier criteria from Figures 3.24-3.27. Source I and F showed a large
amount of outliers.
Figure 3.24. The tensile strength at fracture for PG 58-28 binders.
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Figure 3.25. The tensile strength at fracture for PG 64-22 binders.
Figure 3.26. The tensile strength at fracture for PG 70-22 binders.
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Figure 3.27. The tensile strength at fracture for PG 76-22 binders.
Figure 3.28. A summary of the poker chip test results with outliers in red.
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3.2.7 Strength Test at Low Temperature
The BBR Pro was used to test the strength of asphalt binders at two low temper-
atures for both PAVI and PAVII-aged binders. For the low temperature PG -22 grade,
binders were tested at -12 C and -18 C, while PG -28 grade binders were tested at -18 C
and -24 C. Similar to the poker chip test in the previous section, the outlier criteria chosen
followed no standard and only represents judgment made after compiling the test results.
3.2.7.1 PAVI
Figures 3.29-3.34 show the results of the maximum stress based on the maximum
load before fracture for PAVI-aged binders. (Equation 2.6 from the previous chapter was
used to calculate the stress). Any binders with a maximum stress less than 1 MPa were
considered outliers; the red line on each graph helps point out the outliers. A summary of
the results are presented in Figure 3.35. The outliers are in red and brown; the difference
in color indicates the outlier at a particular test temperature. For instance, the maximum
stress of the low temperature PG -22 binders tested at -12 C and the PG -28 binders tested
at -18 C that fall below 1 MPa are in red. A split box indicates that both temperatures
tested for that particular binder had a maximum stress below 1 MPa.
Figure 3.29. The maximum stress at fracture for PG 64-22 PAVI-aged binders tested
at -12 C (10 C above the label temperature).
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Figure 3.30. The maximum stress at fracture for the remaining low temperature PG
-22 PAVI-aged binders tested at -12 C (10 C above the label temperature).
Figure 3.31. The maximum stress at fracture for low temperature PG -28 PAVI-aged
binders tested at -18 C (10 C above the label temperature).
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Figure 3.32. The maximum stress at fracture for PG 64-22 PAVI-aged binders tested
at -18 C (4 C above the label temperature).
Figure 3.33. The maximum stress at fracture for the remaining low temperature PG
-22 PAVI-aged binders tested at -18 C (4 C above the label temperature).
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Figure 3.34. The maximum stress at fracture for low temperature PG -28 PAVI-aged
binders tested at -24 C (4 C above the label temperature).
Figure 3.35. Summary of all the strength testing on PAVI-aged binder in the BBR Pro
at -12, -18, and -24 C.
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3.2.7.2 PAVII
The results of testing done on PAVII-aged binders is shown in Figures 3.36-3.41.
Same as the PAVI-aged binders, testing was conducted at 10 C and 4 C above the labeled
low temperature PG grade. In addition, the outlier criterion remained at 1 MPa. A summary
of the results is displayed in Figure 3.42. Sources C, F, and H showed a high concentration
of outliers indicating inadequate strength properties.
Figure 3.36. The maximum stress at fracture for PG 64-22 PAVII-aged binders tested
at -12 C (10 C above the label temperature).
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Figure 3.37. The maximum stress at fracture for the remaining low temperature PG
-22 PAVII-aged binders tested at -12 C (10 C above the label temperature).
Figure 3.38. The maximum stress at fracture for low temperature PG -28 PAVII-aged
binders tested at -18 C (10 C above the label temperature).
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Figure 3.39. The maximum stress at fracture for PG 64-22 PAVII-aged binders tested
at -18 C (4 C above the label temperature).
Figure 3.40. The maximum stress at fracture for the remaining low temperature PG
-22 PAVII-aged binders tested at -18 C (4 C above the label temperature).
56
Figure 3.41. The maximum stress at fracture for low temperature PG -28 PAVII-aged
binders tested at -24 C (4 C above the label temperature).
Figure 3.42. Summary of all the strength testing on PAVII-aged binders in the BBR
Pro at -12, -18, and -24 C.
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CHAPTER 4. CONCLUSIONS AND SUMMARY
4.1 OVERVIEW
Some conclusions can be drawn from the test results gathered during this study.
Each test run outside of the PG specification had various outliers, highlighting weaknesses
in the PG system. Many binders that passed the PG system testing fell outside of an accept-
able range when undergoing other tests not currently part of the PG specification (AASHTO
M320). In order to better understand this study’s outcomes, Table 4.1 compiles all of the
test results to show correlations between asphalt binders.
In Table 4.1, an ’X’ represents an outlier, which was defined differently for each
test. For the XRF test, any binder that had one or more metals detected (Figure 3.7) was
flagged as an outlier. On the other hand, the outliers for the MSCR and spot test, which was
a true grade greater than 12 C over the labeled grade for the MSCR test (Figure 3.12) and a
black spot area greater than 10% of the total area for the spot test (Figure 3.15), were given
an ’X’ and the extreme outliers, which was a true grade greater than 90 C for the MSCR
test and a black spot area greater than 20% of the total area for the spot test, contributed
another ’X’. Thus, the extreme outliers have an ’XX’ in its box.
For DTc, outliers were defined as a DTc value greater than 6 C or a stiffness-controlled
binder (Figure 3.19), which was translated to an ’X’ in Table 4.1. For aging sensitivity and
all the strength tests in the BBR Pro, the outliers received an ’X’, which was an m-value
decrease of greater than 20% or a stiffness increase of greater than 40% for aging sensi-
tivity (Figure 3.23) and a maximum stress less than 1 MPa at 10 C or 4 C above the label
temperature for strength tests (Figures 3.35 and 3.42). Those binders that had both outliers
present for either aging sensitivity or strength tests were each given an ’XX’. Lastly, the
poker chip test was rather straight forward with outliers of a tensile strength less than 0.5
MPa for PG 58-28 and 64-22 and less than a tensile strength of 0.8 MPa for PG 70-22 and
76-22 (Figure 3.28) represented by an ’X’ .
The main goal when converting the outliers to ’X’s in Table 4.1 was to ensure
that each test had fair and equal representation; not one test was given priority over any
others. All the ’X’s in each row were summed up to find the total number of outliers for
each binder; ’XX’ was counted as two outliers. Binder I 58-28 had the largest amount
of outliers with 7 total, while binder G 70-22 was not far behind with 6 total outliers. In
addition, binders A 64-22, C 76-22, F 64-22, I 70-22, J 58-28, and K 76-22 showed a
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significant concentration of outliers with 4 total for each binder. It should be noted that
these outliers represent neither a negative nor positive property. Not enough information is
known as to whether the mixtures with these outlier binders perform better or worse than
the average mixture.
These results show that while the PG system is a step forward from grading systems
of the past, such as penetration and viscosity, many improvements still need to be made
to better characterize asphalt binders in order to best predict field performance. These
binders had chemical or mechanical characteristics that were different from other similarly
graded binders. These differences are not captured by tests included in the current PG
specification (AASHTO M320). Thus moving forward, binders from various sources and
PG grades need to undergo testing within and outside of the PG system to develop a better
understanding of the true performance characteristics of asphalt binders.
The additional testing conducted in this study does not provide sufficient informa-
tion to better grade binders compared to the current PG system in place. More data on
binders with varying chemical compositions will make the asphalt binder screening pro-
cess more robust, providing links to make valuable correlations. This study cataloged 34
binders relevant to Texas climate and sources, but more work needs to be done to grow this
catalog within Texas and nationwide. Finally, it is noted that the outliers identified in this
study were based on deviation from binders with similar PG grades. Linking asphalt binder
and mixture testing is crucial to determine if the outliers discovered in this study are favor-
able or destructive asphalt properties. Further performance testing, preferably on mixtures,
is required to establish whether such behavior is beneficial (i.e. PG does not recognize
better performing binders) or detrimental (i.e. PG does not identify damage susceptible
binders) to mixture and pavement performance.
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Table 4.1. A summary of the outliers for all the tests run in this study.
Tests
Binder Name XRF MSCR Spot Delta Tc Aging Sensitivity Poker Chip BBR Fracture (PAVI) BBR Fracture (PAVII) Total
A 64-22 X XX X 4
A 64-28 X 1
A 70-22 X X 2
B 64-22 X 1
C 58-28 X 1
C 64-22 X 1
C 64-28 0
C 70-28 X X 2
C 70-22 XX X 3
C 76-22 X XX X 4
C 76-28 X 1
D 64-22 0
D 70-22 0
D 76-22 0
E 58-28 X XX 3
E 64-22 0
F 64-22 X X X X 4
G 64-22 X 1
G 70-22 X X X XX X 6
G 76-22 XX X 3
H 64-22 X X 2
I 58-28 XX X X XX X 7
I 64-22 0
I 70-22 X X X X 4
I 76-22 X 1
J 58-28 X XX X 4
J 64-22 X 1
J 70-22 X 1
J 76-22 X X 2
K 64-22 X 1
K 70-22 X 1
K 76-22 XX X X 4
L 58-28 X X X 3
L 64-22 X X 2
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